In alcoholic fermentations of glucose, glycerol is often present as a byproduct formed via the Eoff process. 3-Hydroxypropionaldehyde (3- HPA) can be derived from glycerol by the action of certain bacterial contaminants. If these processes occur in a fermentation, the resulting beverage is left with a bitter flavor that is accentuated upon distillation. This "peppery" flavor is associated with the presence of acrolein, which is not a product of glycerol metabolism, but rather occurs in chemical equilibrium with 3-HPA in aqueous solution. Pressman and Lucas (9) have demonstrated this equilibrium and have found it to favor acrolein in the presence of hydronium ions or heat (or both) as during distillation.
Beginning with Voisenet in 1910 (15) , researchers investigated the cause of acrolein's presence in alcoholic beverages to develop methods for preventing it. For many years acrolein was believed to be a product in the bacterial metabolism of glycerol (see reviews in references 10 and 12), but this theory was eventually refuted. The metabolism of glycerol by 3-HPAforming bacteria was first accurately postulated in 1960 by Sobolov and Smiley ( Fig. 1) via Lactobacillus sp. strain 208-A (12) , an organism identified as a contaminant of grain alcohol fermentations (7, 10) . When resting cells were allowed to metabolize [1-14C] glycerol, they produced equimolar concentrations of labeled 1,3- propanediol and 3-hydroxypropionic acid. A carbon balance showed 100% recovery of the carbon in these two products. Based on these observations, 3 actone and stirred for a period of 15 to 20 min. Cell paste from 30 liters of culture broth having an optical density at 620 nm of around 10 required 3 liters of acetone for the first dispersion. An additional liter was used to briefly suspend the cellular material a second time once the first volume of solvent was drained away. The rinsed cell powder was collected on a Buchner funnel and allowed to air dry for 10 min before it was transferred to a porcelain bowl and stored under vacuum at 5°C in a desiccator containing Drierite.
Extraction of glycerol dehydrase from cell powder. Soluble protein, including glycerol dehydrase, was extracted by suspending 120 mg of cell powder and 0.4 mg of Na2S204 per ml of distilled water. The extraction was carried out at 35°C in flasks rotating fast enough to keep solid material from settling. After 4 h, the suspension was cleared by centrifugation at 5oC and 7,000 rpm.
Soluble protein content of the crude glycerol dehydrase solution was determined by reaction of 2 ml of the enzyme solution with 3 ml of 5% (wt/vol) aqueous trichloroacetic acid. The turbidity at 350 nm was determined to be a linear function of the soluble protein concentration, and a standard curve of optical density versus soluble protein was constructed by using dilutions of a crystalline egg albumin solution (1 g/liter). Details of this procedure have been published by Stadtman et al. (13) . 
RESULTS
Enzymatic production of 3-HPA. Figure 3 shows that glycerol was dehydrated to 3-HPA in the presence of ammonium cations and cobamide coenzyne B12 by soluble dehydrase extracted from Lactobacillus sp. However, aldehyde production ceased after about 45 min. Even though the initial glycerol concentration was increased from 10 to 50 g/liter, the production curve remained essentially unchanged. The maximum 3-HPA concentration produced was 7.1 g/liter, and the maximum glycerol consumed was 9 g/liter. The initial specific rate of aldehyde production was calculated to be 0.30 g of 3-HPA per h per g of soluble protein from the initial Fermentative production of 3-HPA. Figure 4 gives the time courses of substrate and product concentrations for a fermentation of glycerol by K. pneumoniae cells at an initial optical density of 13.0 in the presence of 6.7 g of semicarbazide hydrochloride per liter. The aldehyde concentration accumulated to a maximum of around 2.2 g/liter after 15 h before declining to nearly 0 after 48 h. Glycerol in an initial concentration of 30 g/liter was completely consumed in the process.
If the aldehyde concentration in the frementation broth at any given time is proportional to the glycerol concentration consumed by that time, then the proportionality constant represents the yield of 3-HPA per unit of glycerol consumed. Figure 5 , constructed from the data in Fig. 4 , shows a plot of 3-HPA concentration versus the corresponding glycerol concentration consumed, which was taken to be the difference between the initial and current glyceroi concentrations. Changes in the slope of the graph reflect changes in the yield coefficient as the fermentation ptogressed. The yield was 0 initially but built up to a value of 0.22 g/g and reniained essentially constant until net 3-HPA accumulation slowed down and began to decline. The theoretical yield of 3-HPA from glycerol is 0.80 g/g, but the greatest yield calculated from the slope of Fig. 3 was only 27.4% of this. Thus, 3-HPA was never efficiently accumulated during the entire course of the fermentation.
Optimization of 3-HPA accumulation by adjustment of the semicarbazide hydrochloride concentration. Time courses of product concentration for a series of six fermentations conducted with the semicarbazide hydrochloride concentration as the experimental variable are shown in Fig. 6 . At all concentrations of semicarbazide, 3-HPA concentration rose to a maximum and then decreased. However, the value of the maximum obtained in each run was dependent on the semicarbazide hydrochloride content, passing through an optimum of 13.1 g/liter when the initial semicarbazide concentration used was 26.8 g/liter. As the semicarbazide concentration was increased above 26.8 to 67.0 g/liter, the initial production rate of 3-HPA declined drastically, as did the maximum 3-HPA concentration accumulated. DISCUSSION Enzymatic production of 3-HPA. The work of Smiley and Sobolov (11) suggested that perhaps glycerol can be converted to 3-HPA more efficiently by the isolated dehydrase than by viable cells. This approach would eliminate any reductase activity, thus preventing the dismutation of 3-HPA to 1,3-propanediol and 3-hydroxypropionic acid. Since their data described glycerol dehydrase activity over a time period of only 30 min, investigation of the activity over an extended time period was deemed necessary if the process was to be evaluated as a method for making 3-HPA from glycerol. The results of this study indicate the enzyme to be unstable, for 3-HPA production ceased after only 45 min, leaving significant amounts of glycerol unreacted. Certainly, cessation of enzyme activity was not due to a substrate shortage, because 3-HPA production declined as rapidly in runs containing higher amounts of substrate.
Honda et al. (6), Toraya et al. (14) , and Poznanskaya et al. (8) have also reported rapid deactivation of glycerol dehydrase in cell-free extracts during the course of 3-HPA production from glycerol. After observing the enzymatic dehydration of other substrates such as 1,2-ethanediol and 1,2-propanediol to occur without abrupt deactivation of the glycerol dehydrase, the former two groups (6, 14) speculated the enzyme to be "suicidally" inactivated by the substrate glycerol. Poznanskaya and colleagues, on the other hand, noted the glycerol dehydrase apoenzyme to be stable in buffer without coenzyme B12 and showed glycerol hydrase inactivation to be a monomolecular reaction in which the dehydrase-coenzyme B12 holoenzyme complex undergoes inactivation in the absence of substrate. Upon comparing the inactivation rate measured in the absence of substrate with that measured in the presence of glycerol, 1,2-ethanediol, and 1,2-propanediol, they found this rate carried out glycerol fermentations in a similar manner, but at various semicarbazide hydrochloride concentrations. In the presence of 6.7 g of semicarbazide per liter, K. pneumoniae accumulated a significant amount of 3-HPA, but in time completely metabolized it, presumably to 1,3-propanediol and 3-hydroxypropionic acid. Since the maximum yield of the aldehyde obtained during the course of this fermentation was only 27.4% of the theoretical yield, semicarbazide in that concentration did not efficiently minimize consumption of 3-HPA. In hopes of enhancing 3-HPA accumulation, we increased the semicarbazide hydrochloride concentration to 26.8 g/liter; indeed, the accumulation rate increased. Furthermore, as the semicarbazide concentration was raised from 6.7 to 26.8 g/liter, the peak 3-HPA concentration increased from 2.2 to 13.1 g/liter. Since the initial substrate concentration was 30 g/liter, this corresponded to an increase from 9.2 to 55% of the maximum concentration expected to accumulate when 3-HPA and water are the only end products of glycerol metabolism. As the semicarbazide hydrochloride concentration was increased above 26.8 g/liter, both the accumulation rate and the maximum concentration of 3-HPA decreased. Apparently, semicarbazide in such a high concentration was detrimental in some capacity to cellular activity. In terms of 3-HPA accumulation, an optimum semicarbazide hydrochloride concentration, or concentration range, exists.
The mechanism governing the semicarbazideinduced accumulation of 3-HPA is not yet known. However, assuming the metabolic pathway of Fig. 1 , the semicarbazide could have enhanced glycerol dehydrase activity, diminished reductase activity, minimized the availability of the hydrogen donors (NADH, H+), or accomplished a combination of these effects. Studies to gain a clearer understanding of this mechanism are in progress since they are necessary to the development of an efficient process for 3-HPA production.
